The kinetics of interchain exchange reactions proceeding via end-group mechanism in homogeneous polymer blends is studied theoretically. A set of kinetic equations describing the evolution of the block weight distribution is derived. It is demonstrated that the process may be divided into a fast and a slow stage. The fast stage is characterized by alteration in the fractions of end sequences of different type. At the same time most of the homopolymer chains transform into copolymer with block weight distribution close to the Flory distribution. In the course of the subsequent slow stage, the distribution shape is preserved, with average block lengths gradually decreasing to the values typical of the completely random copolymer. The copolymer composition is found to change mostly in the course of the fast stage of the process. The possibilities of using kinetic data for the discrimination between end-group and direct interchange mechanisms are discussed.
Introduction
Industrial processing of polyesters and polyamides at elevated temperature is usually accompanied with interchain exchange (interchange) reactions [1] . In the course of these reactions, initial blend components are gradually transformed into a completely random copolymer. The intermediate interchange product, a random multiblock copolymer, is of potential interest as a compatibilizer or a medium where nanostructures can be formed. The random copolymer is characterized by the molecular weight distribution (MWD) and the block weight distribution (BWD), which are changed in time for a reacting system.
In a series of papers [2] [3] [4] , we contributed to the theory of interchange kinetics, the basics of which were developed in the 1960s [5] . While the first two studies were devoted to the peculiarities of transient MWDs, the last one [4] dealt with the evolution of the BWD in the course of the direct interchange reaction. A simple model has been elaborated that captures the main features of transforming initial homopolymers A and B into random copolymer AB due to reactions in pairs between internal groups. For the practically important case of initial polymers having the Flory MWD, the transient BWD of the copolymer and of the blend as a whole has been explicitly derived. , and the number of AB-dyads per unit (or the runnumber), R, which serve as a measure of copolymer randomness. We have demonstrated that, in the limit of infinitely long chains, the explicit formula for R coincides with that derived in refs. [6, 7] , where the interchange was treated as a reversible reaction between dyads: AA + BB 2AB, under the assumption of equal rate constants of the direct and inverse reactions. Note that the analysis of refs. [6, 7] is widely applied for interpreting data of NMR and neutron scattering, the mostly used techniques for the quantitative study of interchange kinetics [8] .
Apart from the direct interchange, copolymer formation in the blend of condensation polymers may be caused also by another reaction called end-group interchange. It involves an end group and an internal group of polymer chains. Depending on the end group type, one identifies Alcoholysis: P 1 -O-CO-P 2 + HO-P 3 P 1 -OH + P 3 -O-CO-P 2 or P 1 -NH-CO-P 2 + HO-P 3 P 1 -NH 2 + P 3 -O-CO-P 2
Acidolysis: P 1 -O-CO-P 2 + HOOC-P 3 P 1 -O-CO-P 3 + HOOC-P 2 or P 1 -NH-CO-P 2 + HOOC-P 3 P 1 -NH-CO-P 3 + HOOC-P 2
Aminolysis: P 1 -NH-CO-P 2 + NH 2 -P 3 P 1 -NH 2 + P 3 -NH-CO-P 2 or P 1 -O-CO-P 2 + NH 2 -P 3 P 1 -OH + P 3 -NH-CO-P 2 .
Experimental data on the kinetics of end-group interchange are usually fitted by the second-order reversible reaction as for direct interchange. This is based on the remark by Benoit et al. [7] that adding together the kinetic equations A e + BB AB + B e and B e + AA BA + A e , where A e , B e stand for the end groups attached to an A and B unit, respectively, one obtains AA + BB 2AB as if two internal dyads reacted. However, it is clear that end group concentrations [ [B e ] are determined by the blend composition while in the initial state end group concentrations depend also on the average MW of polymers A and B. Thus, it seems necessary to re-examine the kinetics of dyad distribution in order to find theoretical relations valid from the very beginning of the reaction.
The more general aim of the present work is to derive kinetic equations describing the BWD evolution in the course of an end-group interchange reaction in a polymer blend. Solving these equations, we will compare characteristics of the transient BWDs for end-group interchange and for direct interchange.
It is worth noting that experimentalists often try to determine the interchange mechanism prevailing in a particular blend. To this aim, they examine whether the rate constant (extracted from the above-mentioned kinetic equation for dyads) depends on the average MW of the initial blend components [9] [10] [11] , study the interchange kinetics in blends of model compounds [12, 13] or in polymer end-capped blends [14, 15] , or detect the difference in composition between the copolymer and the blend as a whole [16] . However, the results are not always easy to interpret, e.g., the discussion on the main interchange mechanism in the popular blend PET/PEN still lasts [13, 14, 17, 18] . So it would be desirable if theory could suggest any new possibility to distinguish between direct interchange and end-group interchange.
The present paper is organized as follows. We start with derivation of the kinetic equations for end-group interchange. From these equations, we obtain general relations for the time-dependent average block lengths, the number of AB-dyads per unit, and the fraction of end groups attached to units of a given type. Then we demonstrate that the kinetic equations may be analytically solved for the case when the initial blend consists of two homopolymers characterized by the Flory MWD. A numerical solution of the kinetic equations is performed for the initially monodisperse blend. The described paper structure intentionally repeats the structure of our paper on direct interchange [4] . This enables us to compare two interchange mechanisms in a consequent and transparent manner.
At last, it should be mentioned that the distribution of units in the course of interchange reactions could be theoretically studied not only by solving kinetic equations but also by making use of statistical relations originating from the random nature of chain cleavages and couplings. It was Flory [19] who first demonstrated that interchange reactions in polymer systems lead to the most probable MWD. Using rather simple arguments, Kotliar [20] has found the transient BWD in the blend of polymers initially having the most probable MWD as a function of the number of interchanges per average initial chain, which is proportional to time. However, in Kotliar's consideration the inverse reaction when two AB-dyads break and AA-and BB-dyads restore was completely ignored. It was shown by us [4] that Kotliar's results coincide with the BWD obtained by the kinetic approach only at small reaction extent when the number of AB-dyads is small and the inverse reaction is really negligible. Gallardo et al. [21] developed a theoretical description of the exchange reaction between end groups of a monodisperse oligomer and internal groups of a polymer. The theory predicts the dependence of the average copolymer block length on the conversion of reactive end groups. McCullagh et al. [22] studied the evolution of the distribution of units in the course of direct interchange in the blend of two Bernoullian copolymers of different initial composition. The results obtained in refs. [21, 22] were used for interpretation of experimental data of 1 H NMR and X-ray scattering, respectively. However, as far as we are aware, the general statistical consideration of interchange reactions that enables calculating transient MWD and BWD without solving bulky kinetic equations is still missing.
Theory
Consider a homogeneous blend of homopolymers A and B containing one interchangeable (ester or amide) bond per repeating unit and a reactive group at each chain end. Repeating units may be generally denoted by A 1 -A 2 and B 1 -B 2 , respectively, where a dash stands for the interchangeable bond, while end groups may be of hydroxyl, carboxyl, or amino type. In the present work, we study the simplified model that, however, enables us to describe the main features of end-group interchange. If necessary, our approach may be applied to investigating kinetics in more complicated models.
First, we assume that all end groups are of the same type E. Acidolysis always meets this condition, the same is fulfilled for alcoholysis proceeding in the blend of two polyesters and for aminolysis in the blend of two polyamides. Second, we assume that interchange rate depends on the nature of only one group per repeating unit, say, A 1 and B 1 (A 2 and B 2 are either identical or their difference is not important for interchange kinetics). In this case, we may denote repeating units by A and B marking only the type of a group influencing the rate constant. For terminal units containing a reactive end group, we use the notation AE and BE, as well as for corresponding sequences containing these units. Third, we neglect reactions between units of the same chain leading to the formation of cyclic chains. This assumption is based on two facts: (i) in a dense system (melt) most of contacting units belong to different chains and (ii) the weight fraction of cyclic molecules derived from the ring-chain equilibrium [23] decreases rapidly with the average molecular weight of a system. The influence of cyclization on MWD evolution in the course of end-group interchange was addressed in ref. [24] .
It is worth noting that we adopted the similar approximations when we studied the kinetics of direct interchange [4] . This validates the comparison of end-group and direct interchange features carried out hereafter in the present work.
Any terminal unit having a reactive end group E and contacting in space with other units may be involved in one of the following end-group interchange reactions: where R 1 , R 2 , R 3 designate optional 'tails' of the reacting chains. Thus, a terminal unit of one chain cleaves another chain and transfers the end group E to one of its fragments while the rest of the reacting end sequence attaches to another fragment of the cleaved chain.
Let k AA , k AB , k BA , and k BB be the rate constants, i.e., the probabilities for a pair of contacting units (AE with A, AE with B, BE with A, BE with B, respectively) to react per unit time. We assume that the rate constants are independent of tails R i , and, therefore, they coincide for the direct and inverse reactions.
Our aim is to derive a set of kinetic equations describing the evolution of the BWD in the course of an end-group interchange reaction. To begin with, we denote by m Ai the number of A-sequences consisting of i units (i-sequences A). We divide all these sequences into three types: m homopolymer chains A, end blocks A in the copolymer AB, and m internal copolymer blocks A so that m
Thus, the distribution of A-sequences is described by a set { , i = 1...∞. A similar set of variables {m
B1i , m B2i , m B3i } describes the BWD of B-units and we will see below that it is changed almost independently of the BWD of A-units.
A new i-sequence of A-units may be formed due to AE-A, AE-B, and BE-A reactions. In the first case, two ways are possible:
(I) i-Sequence A is formed by coupling of an A-sequence that has lost its end group E and a fragment of cleaved A-sequence:
The fragment of a cleaved j-sequence A (j > i), to which E is transferred, appears to be just an i-sequence:
Let n and M be the total numbers of units and chains, respectively, so that M n N / ≡ is the average chain length of the blend. If each terminal unit has z units neigh-bouring its reactive end group in space, then at any time 2Mz reactions are possible in the system. The probability that a reacting pair is formed by an AE-unit belonging to an l-sequ nce of α-type and by an A-unit of a j-sequence of β-type equals We recall that in our model a repeating unit contains one interchangeable bond that may be situated at the left or at the right of an A-group (or B-group) with equal probability. As only one position leads to the formation of an i-sequence, we have inserted an extra factor of 1/2 in all elements of ; the same applies to the matrices defined below.
In the case (II) a reacting end group belongs to an arbitrary AE-sequence with the probability e A = (2m A1 + m A2 )/(2M), where
and are the total number of homopolymer A-chains and of end blocks A, respectively. The probability that this end group cleaves a j-sequence A of type α at an appropriate position
The increase in i-sequences A due to reaction (II) is
In the course of an AE-B reaction, an i-sequence A may be formed in the following situations:
(III) A terminal AE-unit of an l-sequence reacts with a B-unit neighbouring to an (i-l)-sequence A:
An expression for the number of i-sequences A formed per unit time via route (III) has the form ( )
, where non-zero elements of fˆ are
(IV) A terminal AE-unit of an i-sequence reacts with a B-unit neighbouring to another B-unit:
Reaction (IV) does not change the total number of i-sequences A but transforms homopolymer sequences into end blocks and end blocks into internal ones. The contribution of this route is
the total number of BB-dyads, φ is the fraction of A-units in the blend, m is the total number of internal blocks A, and , otherwise = 0.
A terminal AE-unit of an i-sequence reacts with a terminal BE-unit:
Reaction (V) does not change anything but since we are calculating gain and loss terms separately, its contribution should be taken into account. At last, consider the contribution of BE-A reaction to the formation of i-sequences A:
(VI) A terminal BE-unit cleaves a j-sequence A (j > i) and an E-group attaches to one of the fragments forming an i-sequence A:
time.
(VII) The same cleavage as in (VI), but after forming new bonds, E-group and isequence A are situated at different chains:
In this case we get the contribution ∑ ∑
Now let us consider the situations when interchange decreases the number of isequences A. Such a sequence disappears when cleaved by AE or BE-units or when its own E-group (if present) reacts. As a result, the number of i-sequences decreases by
per unit time.
The first (second) term of this expression corresponds to the reactions between an Aunit of an i-sequence and an arbitrary AE-unit (BE-unit). The third (fourth) term reflects the contribution of the reaction between an AE-unit of an i-sequence A, which is present in homopolymers and end blocks only, and an arbitrary A-unit (B-unit). The last term is due to the reaction of an arbitrary AE-unit with a B-unit flanking an isequence A.
Gathering together all gain and loss contributions we may write down the system of kinetic equations describing the evolution of the BWD of A-units: where , e and n are defined above. Note that all variables in Eq. (1) ) are preserved but n has the meaning of the total number density of units.
It is seen that although AE-B and BE-A reactions influence the BWD of A-units, this distribution evolves independently of the BWD of B-units, for which a similar set of kinetic equations may be derived. However, the initial distribution of B-units is to be known for solving Eq. (1) as it influences the total number of units, n, the average chain length, N , and the fraction of A-units, φ, entering Eq. (1).
Provided are found, one may calculate the customary weight function of the BWD,
, which is equal to the probability for an arbitrarily chosen A-unit to belong to an i-sequence of δ-type (homopolymer chain A or end block A or internal block A).
Results and discussion

General relations
Now we will demonstrate that important information may be extracted from Eq. (1) without solving that system of equations directly.
Using the definition of the fraction of end groups E attached to A-units, e A (t) = (2m A1 (t)+ m A2 (t))/(2M), and of the number of AB-dyads per unit, R(t) = (m A2 (t) + 2m A3 (t))/n, it is easy to derive the kinetic equations for these variables from Eq. (1):
where
We see that (i) e A relaxes independently of R, (ii) 1
so R changes much slower than e A and the process may be divided into fast and slow stages. This conclusion is absolutely independent of the relation between rate constants so we may take k AB = k BA = k in order to make the results more clear, though Eq. (2) can be solved without such assumption. In that case Eq. (2) is much simplified and the solution for e A (t) takes the form
The relaxation of e A is a single-exponential process with the characteristic time τ e = 2. Since the dimensionless time τ is equal up to the order of magnitude to the number of effective reactions (namely, AE-B and BE-A that change the number of blocks) per chain of length N , we may conclude that forming several blocks per average chain is enough for e A to reach its equilibrium value. 
derived in the literature for the second-order reversible reaction AA + BB 2AB [6, 7] and used for extracting the apparent interchange rate constant k app [9, 10, 13, 14, 18] .
It follows from our consideration that the mentioned formula for R is valid only at the late stage of the reaction. In that case the apparent rate constant is related to the parameters of our model as N zk k / 2 app = , i.e., is inversely proportional to N . In practice, this means that k app should be determined excluding the region of small t (experimental points corresponding to small numbers of interchanges per average chain). 
To demonstrate this, we plotted in Fig. 1 the theoretical dependence of
on τ given by Eq. (5) for different parameters of the initial blend.
If one takes into account only the first term in Eq. (5), as it is usually done for interpreting experimental data, all curves in the figure should be straight lines of the same slope proportional to the rate constant. However, it is seen in Fig. 1 that at the early stage of the reaction deviations caused by the second term of Eq. (5) may be significant. It confirms our idea given in the Introduction that describing end-group interchange as the reaction between dyads is reasonable only if the fractions of end groups attached to A-and B-units are constant, i.e., after e A is relaxed to the value determined by the blend composition. However, in special symmetrical cases (φ = 1/2 or
) the second term in Eq. (5) is zero and a straight line is observed in Fig.  1 from the outset of the reaction (see curve 2).
At the same time for direct interchange the term
dominates in the expression for R throughout all the reaction [4] , where k AB is the probability of the reaction between contacting A-and B-units per unit time. In that case, plotting the dependence R(t) in the coordinates of Fig. 1 , one will always obtain a straight line, the slope of which is proportional to k AB and independent of the average molecular weight of a system. Hence, a criterion may be formulated: if for a reacting blend the whole curve R(t) may be fitted by a single exponent for any blend composition and any average initial length of the components, the reaction mechanism is direct interchange.
The initial stage of reactions between polymeric substances is often influenced by composition inhomogeneities caused by the incompatibility of a blend; in that case a reaction starts at the phase boundaries. Therefore, it would be too imprudent to assert that deviations from the single-exponent law at early stage of the reaction give evidence of end-group interchange as the prevailing reaction mechanism. However, if for a symmetric blend (φ = 1/2 or 0 B 0 A N = N ) the exponential dependence R(t) is really observed from the outset of the reaction and for the non-symmetric case the mentioned law is disturbed, then one may think of end-group interchange to be the cause of such behaviour. 
) is generally not proportional to time t. Only if the relaxation process for e A is absent, i.e., at 3e, 3d) ; for end-group interchange (1e, 2e, 3e) and direct interchange (1d, 2d, 3d). 500
Just that case is demonstrated in Fig. 4 . For all curves presented in the figure, it is seen that the direct interchange shortens A-sequences more intensively. Calculations for other values of blend parameters show that this conclusion holds even if the relaxation process for e A takes place.
Interchange in a blend of polymers characterized by the Flory MWD
Now we turn back to Eq. where R(τ) and
Note that (i) homopolymer chains A, end and internal blocks A are characterized by the same number-average length ) ( A τ N , (ii) the terms proportional to k AA are canceled because the supposed Flory distribution of A-blocks is not affected by the AE-A reaction [3] . In the special case k AB = k BA = k considered above, R(τ) and ) ( A τ N are given by the explicit expressions Eq. (5) and (7), respectively.
Comparing Eq. (9) with that for direct interchange proceeding under the same initial conditions (Eq. (6) of ref. [4] ) we conclude that the BWD for both interchange mechanisms has the same form and the difference is only in the particular expressions for the number of AB-dyads per unit, R(τ), and the average length of A-sequences, ) (
The equilibrium distribution of A-sequences { }, which is independent of the initial chain lengths, is found by equating time derivatives in Eq. (2) and (6) 
Then, it is necessary to substitute the expressions for 
corresponding to the completely random copolymer.
The same equilibrium distribution has been found in ref. [4] for direct interchange.
In the general case k AB ≠ k BA the corresponding Bernoulli distribution
coincides with Eq. (12) for internal copolymer blocks only, but the equilibrium fractions of homopolymers and end blocks are very small, so the difference between Eq. (12) and (13) appears to be unessential. Indeed, for any i The fraction of A-units belonging to homopolymer chains, φ 1 , decreases with time as
approaching its limiting value It follows from Eq. (9) that the distribution of A-sequences in the copolymer chains coincides at any time with that in the blend as a whole. Indeed, since the number of isequences A in the copolymer equals m A2i + m A3i , the weight function of the BWD of A-units in the copolymer reads
The corresponding function for the blend as a whole appears to be the same 
Obviously, this is the case also for the BWD of B-units.
The copolymer composition, however, does not necessarily coincide with the blend composition. If we calculate the fraction of A-units in the copolymer (17) and plot it in Fig. 5 , we see that in general φ cop changes in time in contrast to the constant fraction of A-units in the blend, φ. Thus, for the initial blend of homopolymers having Flory MWD it seems impossible to discriminate the interchange mechanism by measuring the copolymer composition in early stages of the reaction as proposed by Montaudo et al. [16, 25] . This method may be nevertheless reasonable for other initial blends, e.g., copolymers formed by end-group interchange between initially monodisperse polymers (with N N w = ) will have an excess of units belonging to chains with more reactive end groups.
Interchange in a blend of initially monodisperse polymers
In a general case the solution of kinetic Eq. (1) should be performed numerically. To this end, we developed a computer program (in Turbo Pascal 7.0) that realized an explicit scheme of solving the system of 3N max ordinary differential equations of first order, N max being the user-assigned highest possible degree of polymerization. has the meaning of the total number of interchanges per unit at time t. We identify an interchange with a change in the chain length; therefore, each reaction event involving two chains includes two interchanges. Note that AE-A and BE-B reactions are also important now because they contribute to establish the equilibrium MWD. Starting from that time, the BWD of A-units is well approximated by the Flory distribution (thin lines near curves 4 and 5). Therefore, the subsequent evolution of the BWD may be described by the relations derived in the previous subsection. The BWD preserves the Flory form (see Eq. (9)) characterized by the number-average chain length A N that decreases in the course of the reaction according to Eq. (6). It is also worth noting that the copolymer composition φ cop is kept equal to the blend composition φ at any conversion.
Comparing with the corresponding results for direct interchange (figures 4 and 5 in ref. [4] ), we may conclude that (i) the difference between the BWD of the copolymer and of the blend as a whole is less pronounced for end-group interchange, (ii) the copolymer BWD for end-group interchange has a peak at i = 100 at the early stage of the reaction while the distribution for direct interchange is also step-shaped but without such peak.
The explanation is obvious: direct interchange in most cases changes the length of blocks containing reacting units whereas end-group interchange does not. For example, in the latter case the AE-B reaction in a blend of initially monodisperse polymers of length N = 100 yields the diblock copolymer AB with an A-block of 100 units while the BE-A reaction produces a copolymer chain with shorter A-block. As a result, a peak at i = 100 present in the initial homopolymer distribution is partially transferred to the transient copolymer distribution. We believe this feature to be the reason of the effect shown in Fig. 4 , where end-group interchange always shortens A-sequences less intensively than direct interchange.
Conclusions
In this paper, we studied the theoretical model of an end-group interchange reaction. We derived a set of kinetic equations describing the BWD evolution in a homogeneous reacting polymer blend.
From these equations, we obtained analytical expressions for the time-dependent average length of A-and B-sequences, the number of AB-boundaries per unit, and the fraction of end sequences A and B. We have developed a numerical procedure for solving the kinetic equations and tested it for an initially monodisperse binary blend. For the practically important case of initial homopolymers characterized by the Flory MWD, we found the transient BWD in an explicit form.
The main features of the end-group interchange kinetics are as follows. Two stages, fast and slow, may be generally discriminated. The former takes up a few effective reactions (that change the number of blocks) per average chain. As a result, the fraction of end sequences A and B takes its equilibrium value. During this stage most homopolymer chains disappear and the copolymer composition becomes nearly equal to the composition of the blend; at the same time the BWD of A-and B-units becomes close to the Flory distribution.
In the course of the slow stage, the average block lengths tend to values typical of a completely random copolymer. The equilibrium state sets in when nearly each repeating unit experienced at least one interchange. The slow stage of interchange may be described as a second-order reaction between dyads AA + BB 2AB, however, accepting this equation for the whole process may cause an error in evaluating the apparent reaction rate constant.
In this paper we continued comparing the direct interchange and end-group interchange kinetics started in ref. [3] . Several features have been found that may help to determine the prevailing interchange mechanism for a particular reacting blend:
(a) Relaxation of the MWD of a reacting blend to its stationary form takes several interchanges per average chain while the BWD is equilibrated after nearly each repeating unit reacted. Hence, an increasing average molecular weight of the system will accelerate the MWD evolution and have no effect on the BWD evolution if interchange proceeds via the direct mechanism. In the case of end-group interchange, an increasing average molecular weight leads to a proportional decrease in the number of reactive end groups. As a result, no effect on the MWD evolution is predicted whereas the BWD is expected to change slower.
(b) For direct interchange, the fraction of AB-dyads, R, obeys second-order reversible kinetics starting from the outset of the reaction. In the case of end-group interchange, such behaviour may be disturbed at the early (fast) stage while fractions of end sequences A and B change.
(c) Evolution of the copolymer composition φ cop is generally expected to proceed differently for the two interchange mechanisms. Monitoring this parameter by mass spectrometry [16] or by Monte Carlo modelling [25] may enable one to discriminate between them. It is worth noting, however, that the MWD of initial blend components strongly affects φ cop as well. In the practically important case of initial homopolymers having Flory MWD, the composition of the first copolymer chains formed is found to be the same for both direct and end-group interchange.
Measuring copolymer composition can be used not only for the qualitative discrimination between interchange mechanisms but also for comparing their contributions. It may appear suitable for the above-mentioned system PET/PEN, for which there is some evidence in literature [13, 14] that both mechanisms are significant. It is possible to write down the kinetic equations for the BWD including contributions from both direct and end-group interchange, each characterized by its own rate constant, k d and k e , respectively. Numerical solution of these equations would yield the dependence of the copolymer composition on time. If the same information is available from mass spectrometry measurements, the rate constants k d and k e may be evaluated by a fitting procedure.
In many cases, interchange is accompanied by other reactions. The theory presented in this work and our previous papers [2] [3] [4] enables one to include the interchange contribution when deriving the kinetic equations for any particular system. The next step in studying interchange reactions is to consider non-uniform systems. In strongly incompatible blends, copolymer formation starts at phase boundaries, which may result in very different kinetics in comparison to the same reaction in the bulk. Even in homogenized systems phase separation may occur at early stages of the interchange [26] . The main difficulty in developing the corresponding theory is to describe diffusion in the ensemble of chains that permanently change their length and composition due to interchange reactions.
